ABSTRACT The direct current (DC) microgrid requires a fast load shedding scheme that prevents instability and voltage collapse when the distributed energy resources are unable to meet the power demand. The load shedding scheme is also expected to prevent unnecessary service interruptions caused by overshedding of loads. This paper proposes an adaptive voltage-based load shedding scheme utilizing voltage thresholds that are automatically adjusted depending on the rate of change of locally measured bus voltages. The performance of the proposed load shedding scheme is investigated and compared with that of the conventional voltage-based load shedding scheme, using a realistic and detailed study system, under various disturbances. The comprehensive simulation studies that are conducted using the PSCAD software indicate that the adaptive load shedding scheme (i) effectively maintains the DC microgrid power balance through fast and coordinated load shedding, (ii) prevents the DC bus voltages from falling below acceptable levels, (iii) ensures that the critical loads do not experience excessive steady-state voltage deviations, (iv) minimizes the durations and magnitudes of the temporary voltage drop caused by sudden disturbances, and (v) improves power supply reliability.
I. INTRODUCTION
The ever-increasing penetration of distributed energy resources (DERs) is fundamentally changing the operating principles of the modern power systems. The concept of microgrid provides promising solutions to the issues related to aggregation and integration of the DERs in the distribution networks [1] - [3] . In the recent years, the direct current (DC) microgrid is becoming more prominent since the majority of the DERs provide DC power and a significant portion of the emerging loads require DC power, e.g., LED lighting systems, consumer electronics, and electric vehicles [4] - [6] .
The DC microgrid power sharing and voltage regulation strategies have been comprehensively investigated in the literature [6] - [10] . However, the control systems may not be able to maintain the DC microgrid power balance under marginal operating conditions and large disturbances. Thus, a DC microgrid requires a load shedding scheme that protects the system integrity, i.e., prevent voltage collapse, under
The associate editor coordinating the review of this manuscript and approving it for publication was Sing Kiong Nguang. such conditions. The load shedding scheme is expected to improve the reliability of the electrical power delivered to the critical loads by (i) enabling the DC microgrid to effectively balance the power demand and supply, (ii) preventing bus voltages from reaching values below predetermined lower limits, (iii) avoiding over-shedding and under-shedding of non-critical loads, and (iv) minimizing voltage sags by providing sufficiently fast reaction to disturbances, whenever needed [11] , [12] .
The load shedding schemes that can be applied to the DC microgrid are either communication-based [13] - [30] or non-communication-based [31] - [39] . The communicationbased schemes are able to receive and process large amounts of data pertaining to the state of the microgrid and shed optimal amounts of loads, in the correct order, in a timely manner. However, these load shedding schemes are complex, costly, and vulnerable to communication failure. They also suffer from low flexibility, modularity, and expandability [11] , [12] . Due to the aforementioned disadvantages, the communication-based methods are typically suitable for small-scale microgrids that do not require a complex network of long communication links.
The non-communication based schemes operate based on the voltage values that are locally-measured [31] - [39] . The advantages offered by this category of load shedding schemes include simplicity, cost-effectiveness, robustness against communication failure, expandability, scalability, and flexibility [11] , [12] . Therefore, these schemes are applicable to all DC microgrids including those with geographically dispersed loads. The existing non-communication based DC microgrid load shedding schemes include the voltagebased [31] - [35] , timer-based [36] , and combined [37] - [39] schemes.
The voltage-based load shedding scheme [31] - [35] is commonly utilized in DC microgrids, and thus is also referred to as the conventional scheme. It utilizes different voltage thresholds to prioritize non-critical loads and instantaneously sheds a load whenever its bus voltage becomes lower than the corresponding voltage threshold. The voltage-based scheme may cause unnecessary load shedding, i.e., overshedding, if there is not sufficient margin between the load shedding voltage thresholds utilized by the individual noncritical loads. It also causes large voltage deviations when the difference between the voltage thresholds is large. Hence, the voltage-based load shedding necessitates a trade-off between power supply reliability and bus voltage regulation performance.
The timer-based load shedding [36] utilizes different time delays to prioritize non-critical loads and sheds a load whenever its voltage remains lower than a common threshold within a time period longer than the corresponding time delay. This scheme may lead to over-shedding issue when short delays are used. This scheme may also cause large voltage sags when large delays are used. Hence, the timer-based scheme also necessitates a trade-off between bus voltage regulation performance and power supply reliability.
The combined scheme [37] - [39] utilizes both timer-based and voltage-based algorithms, and thus operates whenever either of these two schemes operate. A combined scheme with appropriately set voltage thresholds and time delays can alleviate the voltage sag problem caused by delayed or missed operation of the timer-based and voltage-based schemes. However, the combined scheme is more likely to cause unnecessary load shedding.
The existing non-communication based DC load shedding schemes have been comprehensively investigated and compared in [40] . These schemes utilize fixed voltage/time thresholds, and thus, either cause excessive bus voltage deviations or cause over-shedding of loads. This paper proposes an adaptive voltage-based load shedding scheme to:
• protect the DC microgrid stability and integrity by maintaining the power balance under large disturbances.
• ensure that the critical loads do not experience excessive steady-state voltage deviations.
• minimize the durations and magnitudes of temporary voltage drops caused by sudden disturbances.
• increase the power supply reliability by preventing unnecessary shedding of loads. The proposed load shedding scheme achieves the aforementioned objectives by utilizing voltage thresholds that are automatically adjusted depending on the rate of change of voltage (ROCOV), as described in the next section.
It should be noted that adaptive load shedding schemes utilizing the rate of change of frequency (ROCOF) [41] - [45] , the ROCOV [41] , [45] , [46] , and the voltage deviations [47] , have been previously introduced to cope with the shortcomings of the conventional under-frequency load shedding scheme. However, these schemes are only applicable to AC power systems where the frequency variations indicate active power imbalance. The ROCOV is also utilized in [48] to reduce the voltage recovery delay subsequent to faults in AC systems, using a slope-permissive under-voltage load shedding scheme. The proposed adaptive DC load shedding strategy is inspired by the aforementioned AC load shedding strategies, but operates based on the variations of the DC microgrid bus voltages, and thus has significantly different operation requirements and constraints, e.g., higher speed requirement.
II. PROPOSED LOAD SHEDDING SCHEME
The proposed adaptive voltage-based load shedding scheme, hereafter referred to as the adaptive load shedding scheme, utilizes a voltage threshold V th that depends on ROCOV, as defined by:
where
and V min and V max denote the minimum and maximum limits of the adaptive voltage threshold. The constants −k 1 and −k 2 identify the values of the ROCOV at which V th reaches the above-mentioned minimum and maximum limits. Fig. 1 shows how the adaptive voltage threshold depends on the ROCOV. A non-critical load is instantaneously shed whenever the following two conditions are met: • the corresponding, i.e., locally measured, bus voltage falls below the adaptive voltage threshold V th ;
• the corresponding ROCOV is negative. The first condition enables the load shedding scheme to adapt to the prevailing system conditions. Whenever the magnitude of the ROCOV is large, i.e., under large disturbances, the adaptive voltage threshold V th becomes large and limits the voltage drop by causing faster load shedding. When the ROCOV is insignificant, there is no need for fast load shedding, and thus V th is automatically set at a lower value to prevent over-shedding. The second condition prevents load shedding when the voltage is rising.
To shed the non-critical loads in a coordinated manner, the adaptive voltage threshold values corresponding to lower priority loads should be always higher than those of the higher-priority loads. This can be achieved by appropriately setting the parameters of the load shedding characteristics of To reduce the impacts of switching ripples and noise, a lowpass filter is applied to each measured voltage signal. The filters are of the fourth-order Butterworth type and the cut-off frequency is 0.5 kHz. The sampling time of the voltage signal is 1 ms. The first backward difference is used to compute the ROCOV as follows [49] : where V f is the filtered voltage signal and t is the difference step, which is equal to the sampling time.
III. STUDY RESULTS
In this section, the performances of the conventional load shedding scheme and the proposed adaptive load shedding scheme are investigated and compared with each other. The simulation studies are performed on a realistic ±750 V DC microgrid, which is modeled in detail, using the PSCAD software. The DC microgrid study system of Fig. 4 , [9] , [10] , [40] , is a modified version of the IEEE 37-bus AC test system [50] which is converted to a DC microgrid. The DC microgrid includes two 500 kW photovoltaic (PV) generation units at the nodes 712 and 722, a 1 MW wind turbine (WT) at the node 709, and two 400 kW battery energy storage systems (BESSs) at the nodes 705 and 707. The DC microgrid is interfaced to the AC utility grid by a 1 MW gridtied converter (GTC) and a 750 V / 4.8 kV transformer at the node 701. All DC/DC and DC/AC converters are represented by detailed switching models in PSCAD. The total value of the loads in the DC microgrid study system is 1228.5 kW, which includes 758 kW critical loads and 470.5 kW noncritical loads. The total amounts of the constant resistance, constant current and constant power loads are 216 kW, 254 kW and 758.5 kW, respectively.
The detailed study system parameters, including the values and types of the individual loads, the size and length of each cable section, and the parameters of the DERs and the GTC, are given in [9] , [10] , and [40] .
The non-critical loads are indicated by the shaded area shown in Fig. 4 . These loads can be shed in three steps using three solid-state circuit breakers (CBs). Tripping each of these fast-acting CBs leads to shedding a group of downstream noncritical loads. In the first step the CB1 is tripped. The next step is to trip the CB2, if needed. The last step is to trip the CB3. The amounts of the loads that are disconnected in these steps are 126.5 kW, 126 kW, and 218 kW, respectively.
In this paper, the DC microgrid is assumed to be under normal operating conditions whenever the DC bus voltages are higher than 0.925 p.u. Therefore, to prevent load shedding under normal operating conditions, the maximum value of the adaptive voltage threshold V th is assumed to be 0.9 p.u. for all non-critical loads. To limit the magnitudes of the voltage sags caused by power imbalance, the lowest voltage threshold, which is used for the last shedding step in both schemes, is set at 0.86 p.u. Fig. 5(a) illustrates the operating characteristics of the conventional scheme. This characteristic utilizes voltage thresholds that are uniformly distributed between the aforementioned highest and lowest values. Thus, the conventional scheme respectively trips the CBs 1-3 whenever the corresponding bus voltages fall below the thresholds V th1 = 0.9 p.u., V th2 = 0.88 p.u., and V th3 = 0.86 p.u. The conventional scheme does not depend on the magnitude and polarity of the ROCOV.
The proposed adaptive load shedding scheme utilizes the voltage threshold defined by (1) and shown in Fig. 5(b) , to trip the CBs 1-3. It is assumed that a power imbalance causing ROCOV < −2.5 p.u./s is extreme and necessitates simultaneous shedding of all non-critical loads as soon as the corresponding bus voltages become abnormal, i.e., lower than 0.9 p.u. The reason is that such a disturbance would cause the bus voltages to decrease from 0.9 p.u. to 0.8 p.u. within a relatively short time (shorter than 40 ms). On the other hand, a power imbalance causing −0.5 p.u./s < ROCOV < 0 p.u./s can be mitigated by shedding the noncritical loads using lower and selective voltage thresholds, because such a disturbance would take a relatively long time (longer than 200 ms) to decrease the bus voltages by 0.1 p.u. Therefore, the ROCOV thresholds are set at k 1 = 0.5 and k 2 = 2.5 p.u./s. Fig. 5 shows that the proposed scheme utilizes an equal maximum load shedding threshold for shedding all three noncritical loads when the voltage drops at a significant rate, i.e., V max1 = V max2 = V max3 = 0.9 p.u. To achieve selective load shedding under less severe power imbalance conditions, the non-critical loads are prioritized by utilizing different load shedding voltage thresholds. This is accomplished by utilizing different minimum voltage thresholds, that is, V min1 = 0.88 p.u., V min2 = 0.87 p.u., and V min3 = 0.86 p.u. These threshold values are determined by comprehensive investigation of various disturbance scenarios.
The performance evaluation criteria are (1) preventing over-shedding, i.e., shedding the minimum amount of noncritical loads to restore the power balance, and (2) limiting the durations and magnitudes of voltage sags through sufficiently fast load shedding. To avoid comparing the voltage waveforms of all nodes in the figures, the voltage variations of the node 702 is used for load shedding performance evaluation in this section. The reason is that this node is at the center of the critical load area in the study system of Fig. 1 and its voltage variations indicate the overall performance of each load shedding scheme. Thus, each of the following case studies investigates the variations of the voltage at the node 702 and the non-critical load voltages, i.e., terminal voltages of the CBs 1-3.
A. CASE STUDY 1: LARGE DISTURBANCE
The impact of a large generation disturbance on the DC microgrid behavior is investigated in this case study. The microgrid is islanded before the disturbance takes place. The WT generates 1 MW power in the maximum power point tracking (MPPT) mode. The PV units do not generate power (at night), and the total power consumed by the loads is 1.25 MW. Thus, the BESSs regulate the bus voltages by injecting 300 kW into the DC microgrid. The voltages at the node 702 and at the terminals of the CBs 1-3 are between 0.96 and 0.99 p.u. The disturbance takes place at t = 0.5 s when the WT power output becomes zero due to an unscheduled shut down. In response to the resulting system-wide voltage drop, the BESSs attempt to maintain the power balance by discharging their maximum power of 800 kW into the microgrid. Since the total power capacity of the BESSs is not sufficient to meet the total load power demand, the voltages continue to fall at a significant rate. This sub-section compares the performances of the conventional and adaptive voltage-based load shedding schemes under the aforementioned large disturbance. Fig. 6 illustrates the performance of the conventional scheme under the aforementioned disturbance. Fig. 6(a) shows the voltage of the node 702 (critical loads) and the terminal voltages of the CBs 1-3 (non-critical loads). Fig. 6(b) shows the ROCOVs at the terminals of the CBs 1-3, which are not used by the conventional scheme. Fig. 6(c) shows the variations of the total power demand and illustrates that the conventional scheme maintains the power balance after the disturbance by shedding all three groups of the non-critical loads at t = 0.515 s, 0.541 s, VOLUME 7, 2019 The performance of the conventional scheme depends on its predetermined fixed voltage thresholds. The fixed thresholds provide desirable performance under specific operating conditions. However, the performance is degraded as the operating conditions change. In addition, the conventional scheme necessitates a trade-off between the power supply reliability and the voltage regulation performance. The reason is that setting the voltage thresholds too close to 1 p.u. leads to more desirable steady-state voltage regulation and smaller voltage sags, but may cause unnecessary load shedding, and vice versa.
1) CONVENTIONAL LOAD SHEDDING SCHEME
2) PROPOSED ADAPTIVE LOAD SHEDDING SCHEME Fig. 7 illustrates the performance of the proposed adaptive scheme under the same disturbance. Fig. 7(b) shows that the magnitude of the ROCOV caused by the large power deficit is considerably large. Consequently, the adaptive voltage thresholds used for all three steps of load shedding are automatically set at or slightly below 0.9 p.u., based on the characteristics of Fig. 5(b) . This results in shedding all noncritical loads as soon as the corresponding voltages become lower than 0.9 p.u., as illustrated in Fig. 7(c) . Hence, the adaptive scheme trips the CBs 1-3 at t = 0.515 s, 0.533 s, and 0.533 s, respectively. Due to the faster reaction of the proposed adaptive scheme, the critical loads voltage (node 702) remains above 0.9 p.u., and is regulated at the acceptable level of 0.92 p.u., within less than 0.1 s after the generation disturbance, as shown in Fig. 7(a) . The results of Fig. 7 indicate that the proposed scheme reduces the load shedding delay when a large disturbance causes the bus voltages to fall at a significant rate.
B. CASE STUDY 2: SMALL DISTURBANCE
The performances of the conventional and adaptive load shedding schemes are investigated in this case study under a less severe disturbance. Before the disturbance is applied, the microgrid is islanded. The WT operates in the MPPT mode and generates 700 kW power, the PV units are out of service, and the total power consumed by the loads is 1.21 MW. The BESSs regulate the bus voltages by injecting 550 kW into the DC microgrid. The voltages at the node 702 and at the terminals of the CBs 1-3 are between 0.92 and 0.96 p.u. The disturbance in this case study is a slower change of the WT power generation due to the variations of wind speed. The power generation of the WT gradually changes from 700 kW to 500 kW during the time period of 0.5 s < t < 0.8 s, and from 500 kW to 800 kW during the time period of 0.8 s < t < 1.1 s. This power disturbance causes relatively slow variations of the bus voltages within the microgrid. The performances of the conventional load shedding scheme and the proposed adaptive load shedding scheme are investigated and compared, under this disturbance.
1) CONVENTIONAL LOAD SHEDDING SCHEME Fig. 8 illustrates the performance of the conventional scheme under the aforementioned wind speed disturbance. Fig. 8(a) shows that the wind speed drop causes the voltage at the terminal of CB1, i.e., seen by the first group of noncritical loads, to become lower than 0.9 p.u., i.e., the highest voltage threshold in Fig. 5(a) . Hence, the conventional load shedding scheme trips the CB1 at t = 0.725 s to shed the first group of non-critical loads, as shown in Fig. 8(c) . Consequently, the voltages seen by the rest of the loads are increased, as illustrated in Fig. 8(a) . It should be noted that the conventional load shedding scheme does not utilize the ROCOV shown in Fig. 8(b) .
2) PROPOSED ADAPTIVE LOAD SHEDDING SCHEME Fig. 9 illustrates the performance of the proposed adaptive scheme under the wind speed variation scenario of Fig. 8 . As shown in Fig. 9(c) , the proposed adaptive scheme does not shed any loads. The reason is that the magnitude of the ROCOV caused by the slow wind speed variations is less than 0.5 p.u./s, Fig. 9(b) . Hence, the adaptive voltage thresholds used for load shedding by CBs 1-3 become 0.88, 0.87, and 0.86 p.u., respectively, based on the characteristics of Fig. 5(b) . The load voltages of Fig. 9(a) do not fall below any of the aforementioned adaptive thresholds. Based on the study results illustrated in Figs. 8 and 9 , the load shedding performed by the conventional scheme was not necessary. In other words, the conventional scheme unnecessarily degraded the reliability of the power supplied to the loads. The proposed adaptive load shedding scheme becomes more secure, i.e., utilizes lower voltage thresholds, whenever the load voltages do not fall at a high rate. This prevents unnecessary shedding of non-critical loads.
3) CASE STUDY 3: ISLANDING
This case study represents an unscheduled islanding scenario. Before t = 0.5 s, the DC microgrid is connected to the utility grid, but generates a low amount of power. The WT generates 200 kW in the MPPT mode, the PV systems are out of service (at night). The BESSs inject 170 kW power, and the loads consume a total power of 1.22 MW. The GTC imports 910 kW from the AC grid to regulate the bus voltages and balance the power supply and demand in the microgrid. The voltages at the node 702 and at the terminals of CBs 1-3 are between 0.92 and 0.97 p.u. The microgrid becomes islanded at t = 0.5 s. Hence, the GTC becomes unable to import power from the utility grid. The BESSs discharge their maximum power of 800 kW into the microgrid, which is not sufficient to fully mitigate the power imbalance. Consequently, the bus voltages start to decrease at a moderate rate. The performances of the conventional and adaptive load shedding schemes under the aforementioned disturbance are investigated and the results are shown in Figs. 10 and 11.
4) CONVENTIONAL LOAD SHEDDING SCHEME Fig. 10 illustrates the performance of the conventional scheme before and after the aforementioned islanding event. Fig. 10(a) illustrates that the unscheduled islanding causes the DC bus voltages to become lower than 0.88 p.u. Thus, the conventional scheme trips the CBs 1 and 2 respectively at t = 0.507 s, and 0.576 s, in order to shed two groups of non-critical loads. Hence, the total load power demand is decreased to 930 kW, Fig. 10(c) . The critical loads voltage (node 702) is regulated at 0.92 p.u. (an acceptable level) within about 0.2 s after the disturbance. 5) PROPOSED ADAPTIVE LOAD SHEDDING SCHEME Fig. 11 illustrates the performance of the adaptive load shedding scheme under the disturbance of the Case Study 3. Fig. 11(b) illustrates that the magnitude of the ROCOV caused by the unscheduled islanding is not too large, especially after the CB1 is tripped. Hence, the adaptive voltage thresholds are set at values slightly lower than those of the conventional scheme, based on the characteristics of Fig. 5(b) . The adaptive load shedding scheme trips the CBs 1 and 2 at t = 0.507 s, and 0.598 s, respectively. As a result, the total load power demand reduces to 930 kW, and the critical loads voltage is regulated at 0.92 p.u.
(an acceptable level) within about 0.25 s after the disturbance.
The study results shown in Figs. 10 and 11 illustrate that the proposed adaptive scheme and the conventional scheme have similar performances when a disturbance leads to bus voltage drop at a moderate rate. Although the proposed scheme slightly increases the load shedding delay in this case study (50 ms), this does not considerably increase the voltage drop, as illustrated in Figs. 10(a) and 11(a) . The significant benefits of the proposed scheme, which are highlighted by the Case Studies 1 and 2, justify the aforementioned short delay under moderate disturbances.
IV. CONCLUSION
An adaptive voltage-based load shedding scheme is proposed for the direct current microgrid. The performance of the proposed load shedding scheme is investigated and compared with that of the conventional voltage-based scheme, under large, small, and moderate disturbances. The results of the studies indicate that the conventional scheme may cause large voltage drops or unnecessary shedding of loads, depending on the power disturbance magnitude.
The proposed adaptive load shedding scheme:
• utilizes the ROCOV to achieve a more reliable assessment of the microgrid operating conditions and determine the appropriate voltage thresholds.
• effectively restores the power generation and demand in the DC microgrid through coordinated shedding of noncritical loads, using locally measured voltages.
• prevents the DC bus voltages from falling below acceptable levels, through fast load shedding under high ROCOV conditions.
• protects the integrity of the DC microgrid, i.e., avoids unnecessary disconnection of loads, by decreasing the load shedding thresholds under low ROCOV conditions.
• does not suffer from the high cost and potential failures associated with the communication-based schemes. Considering the aforementioned advantages, the proposed load shedding scheme is recommended for application in DC microgrids. The proposed scheme is especially suitable for large-scale DC microgrids with geographically dispersed loads, in case communication links are not economically justifiable, or the risk of communication failure cannot be tolerated due to stringent reliability requirements.
V. FUTURE WORK
The studies reported in this paper provide a platform for future work on integrity protection of the DC microgrid using adaptive load shedding schemes. The future work that is expected to complement this research includes implementing the proposed load shedding scheme in hardware, testing the implemented hardware in a real-world DC microgrid, and investigating the impacts of different load and circuit breaker types on the load shedding performance. Adaptive load shedding is also a promising solution for integrity protection of the hybrid microgrid. Developing effective strategies for coordinated shedding of DC and AC loads in a hybrid microgrid is considered as future work.
